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1
HETEROGENOUS ACOUSTIC STRUCTURE
FORMED FROM A HOMOGENEOUS
MATERIAL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International patent
application PCT/EP2011/067508, filed on Oct. 6, 2011,
which claims priority to foreign French patent application
No. FR 1058402, filed on Oct. 15, 2010, the disclosures of
which are incorporated by reference in their entirety.

FIELD OF THE INVENTION

The field of the invention is that of acoustic devices (reso-
nators and filters, but also optionally optoacoustic modula-
tors) made from piezoelectric materials (LiNbO;, LiTaOj,
etc.).

BACKGROUND

Single-crystal piezoelectric materials are widely used in
industry, notably for producing surface acoustic wave (SAW)
or bulk acoustic wave (BAW) components allowing resona-
tors or filters to be synthesized. For these applications the
most commonly used piezoelectric substrates are quartz,
lithium niobate, lithium tantalate (LiNbO;, LiTaO;) or even
langasite substrates. Among these materials lithium niobate
and tantalate in addition exhibit relatively large variations in
optical index as a function of mechanical stresses, thereby
making them candidates of choice for the production of
optoacoustic modulators for example.

Because of the bulk nature of the aforementioned sub-
strates, the propagation medium of the acoustic waves can
consist only of said substrate and one or more additional,
optionally deposited, layers. This therefore only allows sur-
face waves (waves naturally guided at the surface of the
substrate), waves guided in a deposited layer, or a wave
guided at the interface between the substrate and a deposited
layer, to be exploited. In all these cases, the components
produced use electrodes, in the form of interdigitated combs
deposited on the surface of the substrate, to generate or
receive acoustic waves, or even both simultaneously, as
shown in FIGS. 1a and 15, which illustrate a configuration in
which the waves are created by interdigitated electrode
combs P, produced directly on the surface of a piezoelectric
substrate S ,,_, or at the interface between a layer Cg and a
piezoelectric substrate S, respectively.

The advantage of surface wave components such as those
shown in FIGS. 1a and 156 is that the surface waves are
essentially localized in the substrate, thereby making it pos-
sible to take advantage of the properties of single-crystal
materials: excellent reproducibility of the elastic, dielectric
and piezoelectric properties compared to a deposited mate-
rial; minimization of acoustic losses by virtue of the absence
of inhomogeneities (grain boundaries, dislocations, etc.) in
the material.

The drawback, in contrast, is that although it is possible to
modify the crystal orientation, the propagation speed of the
surface waves is set by the constituent material of the sub-
strate, and generally remains relatively low (in the region of
4000 to 5000 m/s). For high-frequency applications (a few
gigahertz), the dimensions of the features of the electrodes
become extremely small, being related to the wavelength of
the mode that it is desired to excite, and therefore become
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technologically difficult to control. The same problem is
encountered in the case of interface waves.

One solution to this decrease in the dimensions of the
interdigitated combs consists in using waves having a higher
propagation speed than that of surface waves. This is the case
of waves guided in a layer deposited on the surface of the
substrate. Such waves can in theory reach virtually infinite
propagation speeds. More reasonably, it is possible to exploit
waves having phase speeds of about a few tens of kilometers
per second, thereby already enabling, at equal frequency,
constraints on the definition of the features of the electrodes to
be considerably relaxed.

The major drawback in this case is that these waves are
essentially localized in the added layer. This has two conse-
quences: firstly, the wave propagates in a medium that no
longer is single-crystal in nature, and therefore exhibits
higher losses than a surface wave, even if perfect confinement
of these waves is assumed. Secondly, the transduction (con-
version of electrical energy into mechanical energy and vice
versa) occurs in the piezoelectric material, even though most
of the acoustic energy is localized in the deposited layer.
Therefore, as a result the efficiency of this transduction is
considerably reduced, thereby decreasing the performance of
the final component (bandpass filters with narrower bands,
resonators exhibiting less marked resonances, etc.).

It is also possible to exploit what are called bulk waves,
which propagate in the thickness direction of the substrate.
These waves are excited by electrodes—one electrode called
the upper electrode E; and one electrode called the lower
electrode Fi—surrounding the piezoelectric substrate S, .,
as shown for example in FIG. 24. The resonant frequency is in
this case directly related to the thickness of the piezoelectric
wafer. For low-frequency applications (a few megahertz), the
substrate must typically be about 300 to 500 pm in thickness.

At higher frequencies, it becomes necessary to use smaller
thicknesses, as small as a few hundreds of nanometers for
applications at frequencies of about a gigahertz. This may be
obtained by local etching of the substrate so as to form a
membrane with the desired thickness as illustrated in FIG. 25,
which shows the substrate thinned to form a piezoelectric
layer C,,,..,,, the waves being excited by an upper electrode Es
and a lower electrode Ei. This technique is currently
employed for quartz resonators, but it is difficult to apply to
materials such as LiTaO; or LiNbO; because of their very
high resistance to the various chemical or physical etching
techniques available.

In addition, because of the precision with which the thick-
nesses must be obtained, approaches using local thinning
have historically been abandoned. Currently it is preferred to
employ thin piezoelectric film deposition techniques, which
techniques provide much better uniformity and control of the
thickness. Components produced in this way are called
FBARs (film bulk acoustic resonators) when a suspended
piezoelectric membrane is formed, or SMRs (solidly
mounted resonators) when the acoustic confinement is
obtained using a mirror composed of multiple stacked layers
(analogous to optical Bragg mirrors). Even though these com-
ponents have seen considerable growth in the last 10 years
they still have a number of major drawbacks:

piezoelectric-film deposition techniques do not allow the

crystal orientation of the material to be easily chosen. In
practice only a single orientation is therefore possible,
thereby imposing precise characteristics (polarization,
propagation speed, etc.) on the waves exploited;

the properties of the piezoelectric materials conventionally

employed for this type of component, namely aluminum
nitride (AIN) or zinc oxide (ZnO), are greatly inferior to
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those of the materials employed in surface wave appli-
cations (LiNbO; or LiTaO,), thereby preventing synthe-
sis of very wideband filters, resonators with very high
surtension coeflicients, etc.
More recently, thin-film transfer techniques, such as for
example combinations of bonding/thinning or even the
SmartCut process concerning LiNbO;, as described in the
article M. Pijolat, A. Reinhardt, E. Defay, C. Deguet, D.
Mercier, M. Aid, J-S Moulet, B. Ghyselen, D. Gachon, S.
Ballandras “Large Q.f product for HBAR using SmartCut
transfer of LiNbO, thin layers onto LiNbO, substrate”—Pro-
ceedings of the 2008 IEEE Ultrasonics Symposium, p 201-
204, have allowed thin single-crystal piezoelectric films (a
few hundred nanometers in thickness) to be formed joined to
other substrates, while preserving the intrinsic properties of
the original material. Some of the aforementioned drawbacks
can therefore be solved by these techniques. Nevertheless, the
processes used impose technological constraints that at the
present time remain insurmountable:
the “host” substrate (the substrate of the final component)
and the “donor” substrate (that from which the added
layer is produced) must be able to be bonded to one
another. They must therefore both be flat. They must also
have surfaces that are compatible with the bonding; and

because of differences in the expansion coefficients of the
added layer and the host substrate, it is not always pos-
sible to use any type of bonding, especially ifitis desired
not to use an elastic layer to absorb differential expan-
sions. Thus, it is difficult to add layers of LiNbO; to a
silicon substrate and it is preferable to add a layer of
LiNbOj; to a substrate made of the same material in order
to overcome these effects. This constraint greatly
reduces the number of possible stacks possible, and at
the present time is slowing development of SMR devices
using added layers.

SUMMARY OF THE INVENTION

In this context, the present invention provides a solution
notably allowing problems related to the use of single-crystal
layers, whether in SAW or BAW applications or even in
applications employing added layers, to be solved and more
generally provides a solution allowing acoustic structures to
be produced the acoustic properties of which can be modified
or even optimized by virtue of the introduction of species
implanted in the volume of said structure, thereby modifying
its Young’s modulus and/or its density.
It is known that implantation of various atoms in a material
results in modification of its optical properties, mainly the
index of the medium. This principle has been widely applied
and tested on a great variety of substrates as described in the
article by G. Destefanis, J. P. Gaillard, E. L. Ligeon, S. Val-
ette, B. W. Farmery, P. D. Townsend, A. Perez, The formation
of waveguides and modulators in LiNbO; by ion implanta-
tion, J. Appl. Phys. 50 (12) p. 7898, 1979. More generally,
implantation can have various effects depending on the space
implanted, the material in which the implantation is carried
out, the implantation energy, the implanted dose, and the
various anneals applied, these effects possibly being:
the formation of electronic vacancies and/or defects in the
original crystal, moditying the electronic properties and
therefore the optical properties of the medium;

substitution of some of the atoms of the medium with
implanted atoms. This results in the local formation of a
new compound that is different from the original mate-
rial, once again modifying the optical index; and
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4

precipitation of the implanted species, forming nanoscale
inclusions. Depending on the species implanted, these
inclusions may take the form of gas bubbles (implanta-
tion of hydrogen or helium, for example) or of solid
inclusions (implantation of carbon or titanium, for
example).

Although the first effect has a priori only a small or no
influence on the mechanical properties of the medium, the
two others, in contrast, modify the conditions of propagation
of an acoustic wave.

Similarly, it is known that chemical reactions can lead to
atoms in the crystal being substituted with atoms originating
from an external source and penetrating into the piezoelectric
medium by diffusion. The most common case is, for example,
proton exchange where hydrogen atoms supplied by an acid
bath are substituted for lithium atoms in lithium niobate
(LiNbO,) in order to form niobic acid (HNbO,) or a com-
pound such as HNbOj;. This case is for example described in
the article J. L. Jackel, C. E. Rice, J. J. Veselka, Proton
exchange for high-index waveguides in LiNbO,, Applied
Physics Letters Vol. 41, no. 7, p. 607, 1982. In this type of
reaction an identical effect to the substitution discussed above
takes place, thereby enabling local modification of the acous-
tic properties of the medium. The difference relative to sub-
stitution by implantation is that this type of process allows the
original material to be modified only near the surface. How-
ever, as indicated in the aforementioned article, this modifi-
cation may extend very deeply (about 10 microns) into the
original medium, in contrast to implantation techniques
where inclusions will certainly not be connected to the sur-
face of the sample but will be localized at depths limited by
the implantation energy, typically of about a few microns.

The principle behind the present invention, consisting in
implanting species or forcing diffusion of species, is particu-
larly pertinent for crystalline materials as it can be used to
modify locally the mechanical properties of a medium, allow-
ing novel acoustic component structures to be formed. More
generally, it is equally advantageous when used with any type
of material in order to modify the elastic behavior of the
materials by modifying their elastic properties.

Alternatively, the formation of inclusions in the original
material may also be exploited. Since these inclusions are
much smaller than the acoustic wavelength at frequencies
lower than a few tens of gigahertz (a few tens of nanometers
relative to a few microns or a few hundred nanometers), they
do not refract the waves but rather allow the latter to behave as
ifthey are propagating in an equivalent medium the properties
of' which are between those of the original material and those
of the inclusions.

Thus, one subject of the present invention is an acoustic
structure comprising a layer of material having a first Young’s
modulus called the intrinsic modulus and a first density called
the intrinsic density, characterized in that the layer comprises
at least one first zone having said first Young’s modulus and
said first density and at least one second zone buried in the
volume of said layer of material and having a second Young’s
modulus and/or a second density obtained by implanting
and/or by diffusing atoms into the volume of said layer.

The second zone made of a second material thus formed in
the original material, and which has lost some of its piezo-
electric properties, thus does not make contact with the sur-
face electrodes.

According to a variant of the invention, the second Young’s
modulus and/or the second density result from the creation of
a new phase and/or inclusions in the second zone, by said
implantation and/or diffusion.
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According to a variant of the invention, the material is a
piezoelectric material and said structure comprises electrodes
on the surface of said layer, so as to generate acoustic waves.

It will be noted that in the first zone, the material is still
piezoelectric but that it is not necessarily in the second zone
after the implantation has been carried out.

According to a variant of the invention, the acoustic struc-
ture comprises a buried sublayer of inclusions and/or of a new
phase so as to create a guide for elastic waves.

According to a variant of the invention, the acoustic struc-
ture comprises at least one first upper electrode and one
second upper electrode, the second zone comprising periodic
sublayers of inclusions and/or new phases defining a buried
Bragg mirror structure, so as to define a bulk SMR-type wave
resonator.

According to a variant of the invention, the second zone
comprises periodic structures of inclusions and/or new
phases so as to define a phononic crystal structure.

According to a variant of the invention, the acoustic struc-
ture furthermore comprises upper electrodes defining
coupled resonator structures separated by a second zone of
second Young’s modulus and/or of second density so as to
optimize the coupling between said resonators.

According to a variant of the invention, the acoustic struc-
ture furthermore also comprises third zones of third Young’s
modulus and/or of third density comprising inclusions and/or
anew phase on the periphery of the two coupled resonators so
as to decrease propagation of the lateral acoustic waves in the
piezoelectric material in said third zones more greatly than in
said second zones, the density of inclusions and/or their
nature and/or the phase in the third zones being different to
those of the second zones.

According to a variant of the invention, the material is
lithium niobate LiNbO;, the second zone comprises a new
phase formed by implanting and/or diffusing hydrogen
atoms, the second zone comprising a material of the type
H,Li, _,NbO; having said second Young’s modulus.

Another subject of the invention is a process for manufac-
turing an acoustic structure according to the invention, note-
worthy in that it comprises the following steps:

producing a mask so as to isolate said second zone from

said first zone; and

implanting and/or diffusing atoms so as to define said

second zone through the mask by creating a new phase
and/or inclusions.

According to a variant of the invention, the process further-
more comprises at least one step of producing electrodes, said
structure being an acoustic wave resonator.

According to a variant of the invention, the process com-
prises an annealing step after the step of implanting and/or
diffusing atoms.

According to a variant of the invention, the process com-
prises successive operations of implanting and/or diffusing
atoms at similar energies so as to create a second continuous
implantation and/or diffusion zone.

According to a variant of the invention, the process com-
prises successive operations of implanting and/or diffusing
atoms with sufficiently different implantation and/or diffu-
sion energies in order to create second discontinuous zones
for the production of a substructure, notably a Bragg mirror.

More generally, to form a phononic crystal the invention
may use any process involving either:

implanting atoms in a piezoelectric material so as to form

either a new material (new phase) or said material with
inclusions of smaller dimensions than the wavelength of
propagation in said material; or
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carrying out a process causing chemical species to diffuse
into the material, again resulting in the formation of a
new material.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and other advan-
tages will become apparent on reading the following non-
limiting description and by virtue of the appended figures in
which:

FIGS. 1a and 15 illustrate, respectively, a surface wave
component exploiting, for the excitation or detection of
waves, combs deposited directly on the surface, and combs
covered by a layer deposited on the surface of the substrate;

FIGS. 2a and 256 illustrate a bulk wave component using a
bulk piezoelectric substrate and a thinned piezoelectric sub-
strate, respectively;

FIG. 3 illustrates a first variant of the invention, i.e. a bulk
wave resonator comprising an implanted zone forming a
Bragg mirror substructure;

FIG. 4 illustrates the concentration profile of an implanted
material as a function of depth;

FIG. 5 illustrates a concentration profile with a concentra-
tion that has been flared out further by superposing individual
profiles centered about different depths h; and h,;

FIG. 6 illustrates a concentration profile that is periodic at
depths h,, h,, h; and h, allowing a Bragg mirror substructure
to be produced;

FIGS. 7a to 7d illustrate the various steps of a process for
manufacturing the resonator illustrated in FIG. 3;

FIG. 8a illustrates a top view of an LFE (acronym for
“lateral field excitation™) resonator and FIG. 85 illustrates a
top view of a guided wave resonator;

FIG. 9 illustrates a top view of an example of a laterally
coupled acoustic filter coupled through a three-dimensional
phononic crystal;

FIG. 10 illustrates a cross-sectional view of an example of
a filter comprising laterally coupled resonators, the coupling
of which is optimized by virtue of the presence of second
implanted zones of second Young’s modulus and/or of second
density;

FIGS. 11a to 11e illustrate the steps of an example of a
process allowing production of an example of a filter using
LFE-type resonators and comprising three-dimensional
phononic crystals and a Bragg mirror substructure, according
to the invention;

FIGS. 124 to 12¢ illustrate the steps of an example of a
process allowing production of an example of a filter com-
prising an integrated Bragg mirror structure;

FIG. 13 illustrates an example of a component exploiting
waves guided along an interface formed by implanting atoms
in the propagation medium at a given depth, according to the
invention; and

FIGS. 14a to 14c¢ illustrate the steps of a process allowing
the production of the implanted waveguide structure shown in
FIG. 13.

DETAILED DESCRIPTION

Generally, the elastic structure of the present invention thus
comprises within a layer of material of first Young’s modulus
and/or first density, at least one zone in which said Young’s
modulus and/or said density are/is modified by atomic
implantation or by diffusion of chemical species so as to
provide a layer having at least locally a second Young’s
modulus and/or a second density so as to be able to take
advantage of mechanical properties, or even of electrome-
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chanical properties, that are tailored notably to applications
employing acoustic propagation.

Thus, according to the invention, the fact that it is possible
to modify elastic and therefore notably acoustic properties
allows, for example, structures analogous to the multilayer
structures conventionally encountered (acoustic waveguides,
Bragg mirrors, etc.) to be formed simply, without however
requiring the deposition of many layers.

The flexibility of implantation techniques (choice of the
implanted species and the implantation energy) or diffusion
techniques (choice of the source of the diffused species, tem-
perature and length of the reaction) allows the original
medium to be modified in different ways (hydrogen, helium,
or carbon inclusions or formation of a new compound) at
different depths and over different thicknesses. This not only
allows the formation of periodic structures to be envisioned,
but also the formation of highly heterogeneous structures.

Lastly, the implantation or the diffusion reaction can be
carried out through a system of masks (made of resist or of
another material that stops penetration of the implanted or
diffused species), thereby allowing the aforementioned struc-
tures to be formed only inside predefined features. As a result
it is possible to form three-dimensional structures by com-
bining a number of masks and a number of different implan-
tations and/or diffusions.

By combining conventional acoustic structures with
locally modified zones, it is possible to design particularly
advantageous structures, some of which will be described
below by way of nonexhaustive example.

Example of an SMR-Type Bulk Elastic Wave Resonator
Structure:

Generally, an SMR-type bulk wave resonator comprises a
thick layer of piezoelectric material, two upper electrodes and
a Bragg mirror substructure. FIG. 3 illustrates an SMR-type
resonator, according to the present invention, in which the
Bragg mirror structure is formed by buried layers produced
by atomic implantation. More precisely, within a material M,
of first Young’s modulus and/or of first density, layers of
material M, having a second Young’s modulus and/or a sec-
ond density are produced by implantation, said layers being
produced at respective depths hy, h,, . . ., h,, the distance
between a depth h, and a depth h,, | being equal, for example,
to a half wavelength in order to provide the array of stacked
layers with a Bragg mirror substructure, two upper electrodes
E, and E, being produced on the surface of the material of first
Young’s modulus.

According to the present invention, a Bragg mirror sub-
structure may be produced relatively easily in a substrate of
lithium niobate. In this particular case, implantation of hydro-
gen may cause a substitution reaction between the lithium
atoms and the implanted atoms. Thus an H,Li,_,,NbO;
phase forms, the mechanical properties of which are substan-
tially different from those of the original lithium niobate.

FIG. 4 illustrates the concentration profile in an implanted
material in an elastic structure according to the invention, and
demonstrates that it is possible to define at a depth h, a layer
of material of second Young’s modulus with a sufficient
implantation dose.

Thus a profile of acoustic properties (elasticity and density)
similar (or opposite) to this concentration profile is obtained.
By way of example, implantation of hydrogen in lithium
niobate allows a thickness of 130 nm to be obtained for a dose
0f8x10'® atoms/cm?, or a thickness of 202 nm to be obtained
for a dose of 1.3x10'® atoms/cm?.

Thus, in order, optionally, to widen this profile, anumber of
implantations at different energies allow a more flared profile
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to be formed by superposing individual profiles centered
about different depths h, and h,, as shown in FIG. 5.

By repeating this operation a number of times at different
energies, a concentration profile that is periodic at depths h;,
h,, h; and h,, is obtained, as shown in FIG. 6. This results in a
periodic variation in acoustic properties and forms a Bragg
mirror that reflects acoustic waves. Adjusting the widths of
the profiles and their periodicity allows an acoustic mirror to
be obtained operating at the desired frequency. As for the
transmission of this mirror, it is set by the number of periods
produced. It will be noted that for this application, large
gradients in the acoustic properties, and therefore in the con-
centration of the implanted species, are not absolutely neces-
sary since it is the periodicity of the structure that causes the
wave reflection effect. A low acoustic contrast between the
original material and the new phase formed may therefore be
compensated for by applying many different implantations.

It will be noted that it is entirely possible to produce these
implantations using a mask, thereby allowing the mirror to be
defined only in line with the resonator and leaving the original
material intact elsewhere.

An exemplary process is described below with reference to
FIGS. 7a to 7d:

starting with a substrate S of lithium niobate, cleaned

beforehand, a photolithography operation is carried out
in order to define an implantation mask M, as illus-
trated in FIG. 7a;

as illustrated in FIG. 75, hydrogen implantation operations

are carried out in succession with decreasing energy in
order to form a periodic implantation profile such as that
illustrated in FIG. 6 and allowing a Bragg mirror sub-
structure MR to be defined;

next, the resist mask M, is removed as illustrated in FI1G.

7c¢, and a homogenization annealing step is carried out;
and

lastly, as illustrated in FIG. 7d, a metal is deposited fol-

lowed by another masking resist layer, a photolithogra-
phy operation is performed, etching is carried out and
the resist is removed, in order to define the upper elec-
trodes Es, and Es,, for example made of aluminum.

The electrodes may take the form of two mutually facing
electrodes for an LFE, or of interdigitated combs for guided
wave structures.

FIGS. 8a and 85 illustrate top views of an example of an
LFE-type resonator with its upper electrodes Ei and its
implantation zone Z, corresponding to the material of second
Young’s modulus and/or second density.

Generally, in an SMR-type resonator, once the mirror
structure has been formed, a resonant acoustic cavity, local-
ized between the surface of the substrate and the top of the
mirror, is obtained naturally. In a Z-cut lithium niobate sub-
strate, shear acoustic waves propagating vertically in this
cavity are generated via a piezoelectric effect by application
of'ahorizontal electric field. This field is obtained by forming,
for example, two electrodes placed side-by-side, so as to form
an LFE resonator excited via a lateral electric field.

Since implantation of hydrogen results in few defects
beyond the implanted zone, the piezoelectricity of the origi-
nal material is only very slightly affected. This type of reso-
nator therefore has electromechanical coupling coefficients
(a measure of the efficiency with which energy is converted
from its electrical form to its mechanical form, and vice versa)
of about 56% at frequencies of about 5 GHz.

By way of comparison, conventional (SMR) piezoelectric
resonator technologies based on thin deposited films of alu-
minum nitride only allow piezoelectric coupling coefficients
of'about 6% to be obtained at the same frequencies. A com-
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ponent such as that described here therefore enables, for
example, extremely wideband filters to be synthesized using
relatively simple technology.

With an identical technology, if the bulk wave resonator
electrodes are replaced by metallizations taking the form of
interdigitated combs, as illustrated in FIG. 85, it becomes
possible to exploit laterally propagating waves that are also
confined by an acoustic mirror formed from an alternation of
different implantation profiles.

Example of a Three-Dimensional Phononic Crystal Struc-
ture

Phononic crystals are elastic analogs of photonic crystals.
They are two- or three-dimensional arrangements of inclu-
sions in a solid matrix. Periodicity effects then allow “band-
gaps” to be formed in which the propagation of waves is
greatly modified or even impossible. Two-dimensional
arrangements can be produced by etching apertures in the
propagation medium, and optionally filling them with a dif-
ferent material. At the present time, the formation of micron-
sized or nanoscale three-dimensional networks using conven-
tional microelectronic techniques remains difficult.

The present invention makes it possible, by combining
techniques for implanting at different thicknesses, as was the
case for the Bragg mirrors described above, and masks (for
defining two-dimensional features), to form three-dimen-
sional structures 7, within a material Z, . For this application,
the inclusions may be obtained by substitution or precipita-
tion effects.

Such crystals may be used to form waveguide structures or
acoustic lens structures, for example.

The technique for manufacturing these crystals uses the
same process steps described above and illustrated in FIGS.
Tato7c.

Such a crystal may for example be used in conjunction with
resonators to provide lateral confinement of the waves gen-
erated in the resonant cavity, thereby allowing the quality
factor of the final component to be improved in the case of
filter-type application.

Specifically, in the prior art a category of interesting filters
uses coupled resonators, these filters commonly being
denoted CRFs, acronym for “coupled resonator filter”.

More precisely, acoustic filters on quartz, called mono-
lithic filters, make use of lateral coupling between resonators.
In this case the resonators are placed side-by-side. Thickness
shear (TS) waves, which are naturally evanescent beyond the
resonators, are then excited and by varying the distance
between resonators it is possible to vary the energy transmit-
ted and thus modify the width of the pass band of the filter.
Thefilter is then called a laterally coupled or monolithic filter.

FIG. 9 thus illustrates a top view of an example of a filter
with lateral acoustic coupling through a three-dimensional
phononic crystal, showing the constituent implantation zones
7, of the Bragg mirror substructure and the constituent
implantation zones Z., of the phononic crystal, with the
upper electrodes FEi.

FIG. 10 therefore illustrates an example of a filter compris-
ing laterally coupled resonators, the coupling of which is
optimized by virtue of the presence of an implanted zone.
More precisely, the coupled resonators are produced from a
layer of piezoelectric material defining a first zone 7, of first
Young’s modulus, inserted between upper electrodes E ¢, and
E, and lower electrodes E,| and E,,, the latter being produced
on the surface of a substrate S. The coupling between reso-
nators is optimized by virtue of the presence of a second zone
7, produced by atomic implantation, allowing the acoustic
properties of said zone to be adjusted and a Bragg mirror
substructure MR to be produced by atomic implantation.
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An example of a manufacturing process allowing a later-
ally coupled SMR resonator with an integrated mirror struc-
ture to be produced will be described in greater detail below
with reference to FIGS. 11a to 11e.

In a first example, and as illustrated in FIG. 11a, an opera-
tion of cleaning a lithium niobate substrate S is carried out,
followed by a photolithography operation defining a first
mask M, intended to cover from the implanted zones of a
Bragg mirror structure.

Next, as illustrated in FIG. 115, hydrogen implantation
operations are carried out in succession with decreasing
energy in order to form a periodic implantation profile so as to
obtain the Bragg mirror structure MR.

Next, as illustrated in FIG. 11c¢, the resist mask is removed,
and then a new photolithography operation is carried out to
define the second implantation mask M, ,, in order to define
zones of constituent features of the phononic crystal Z .

As illustrated in FIG. 114, hydrogen implantations are then
carried out in succession with decreasing energy in order to
form a periodic implantation profile through the mask M, .,
the latter then being removed and a homogenization anneal
being carried out.

Lastly, it is then possible to deposit a metal layer, perform
a photolithography operation and an etching operation, and
then remove the resist in order to define the upper electrodes
Es, and Es,, which are for example made of aluminum, as
illustrated in FIG. 11e.

An equivalent structure may be obtained using only a two-
dimensional phononic crystal located between the resonators
that it is desired to couple acoustically. The two-dimensional
phononic crystal structure is produced using the proton
exchange process described above. As regards the production
of the Bragg mirror and the electrodes, the production is
identical to that of the preceding example. The technological
steps allowing the manufacture of this type of structure are
described, for example, in the following figures:

As illustrated in FIG. 124, an operation of cleaning a piezo-
electric lithium niobate substrate S is carried out, followed by
a photolithography operation defining a first mask M,,,,, and
implanted zones.

Next, hydrogen implantation operations are carried out in
succession with decreasing energy in order to form a periodic
implantation profile creating the Bragg mirror MR, as illus-
trated in FIG. 125.

Next, removal of the resist mask by a new photolithogra-
phy operation defines the second mask M, _, for the proton
exchange, as illustrated in FIG. 12¢.

Next, the proton exchange is carried out via immersion in
a bath of molten (temperature above 249° C.) benzoic acid
(CcH;COOH). Then rinsing in alcohol is performed, fol-
lowed by removal of the resist, allowing phononic crystal
structures Z . to be defined.

Finally, the following operations are carried out: deposi-
tion, photolithography, etching and resist removal, in order to
define the upper electrodes E, | and E_,, which are for example
made of aluminum, as illustrated in FIG. 12e.

According to this variant, each resonator comprises a pair
of upper electrodes E, and E_, on the surface of the piezo-
electric material, the electrodes of a given pair being very
close to each other, typically separated by less than a few
microns, the acoustic waves again propagating in the bulk of
the piezoelectric material but being generated by an electric
field parallel to the plane of said material.

Example of a Buried Waveguide Structure

A third possible application of the invention consists in
forming a component exploiting waves guided along an inter-
face. Such an interface is formed by implanting atoms into the

asq2
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propagation medium at a given depth, thus allowing a guide
G,, to be defined comprising said zone of second Young’s
modulus within a material corresponding to the zone Z, of
first Young’s modulus and/or of first density. If a sufficient
number of these atoms are implanted, they precipitate and
form localized nano gas inclusions in a given line. Locally,
along a thin line, an equivalent medium then forms in which
propagation speeds are lower than those in the surrounding
medium. Waves may then propagate along this interface,
while remaining guided by it (because they are evanescent in
the original material), as shown in FIG. 13, by virtue of the
presence of surface electrodes Eg,.

The component itself is therefore produced using the fol-
lowing process, comprising the following steps:

implantation of atoms along the desired guide line;

precipitation anneal; and
deposition and structuring of electrodes (which are for
example made of aluminum) taking the form of interdigitated
combs on the surface of the substrate.
It will be noted that it is also possible to produce this
interface with an implantation intended to cause substitution.
FIGS. 14a to 14c¢ illustrate, in this respect, an example of a
process allowing such a buried waveguide to be obtained.
As illustrated in FIG. 144, a lithium niobate substrate S is
cleaned, then a photolithography operation is carried out in
order to define an implantation mask M, .
Next, as illustrated in FIG. 145, an operation for implanting
helium at the depth at which it is desired to produce the
guiding interface G, is carried out.
The resist mask is then removed and the precipitation
operation carried out.
Lastly, as illustrated in FIG. 14¢, a metal layer is deposited
and a photolithography operation, etching and removal of the
resist are carried out in order to define the upper electrodes
Es, and Es,, which are, for example, made of aluminum.
The invention claimed is:
1. An acoustic structure, comprising:
a layer of piezoelectric material having a first Young’s
modulus called an intrinsic modulus and a first density
called an intrinsic density,
wherein the layer of piezoelectric material comprises:
at least one first zone (Z,) having said first Young’s
modulus and said first density; and

atleast one second zone (Z.,) buried in the volume of said
layer of piezoelectric material and having a second
Young’s modulus and/or a second density, wherein
the second zone (Z,) comprises inclusions of which a
size is smaller than an acoustic wavelength at a fre-
quency lower than a few tens of gigahertz.

2. The acoustic structure as claimed in claim 1, wherein
said structure comprises electrodes on the surface of said
layer, so as to generate acoustic waves.

3. The acoustic structure as claimed in claim 1, wherein the
layer of piezoelectric material further comprises a buried
sublayer of inclusions and/or of a new phase so as to create a
guide for elastic waves.

4. The acoustic structure as claimed in claim 2, further
comprising at least one first upper electrode and one second
upper electrode, the second zone comprising periodic sublay-
ers of inclusions and/or new phases defining a buried Bragg
mirror structure, so as to define a bulk SMR-type wave reso-
nator.

5. The acoustic structure as claimed in claim 1, wherein the
second zone comprises periodic structures of inclusions and/
or new phases so as to define a phononic crystal structure.

6. The acoustic structure as claimed in claim 1, further
comprising upper electrodes defining coupled resonator
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structures separated by a second zone of second Young’s
modulus and/or of second density so as to optimize the cou-
pling between said resonators.
7. The acoustic structure as claimed in claim 6, further
comprising third zones of third Young’s modulus and/or of
third density comprising inclusions and/or a new phase on the
periphery of the two coupled resonators so as to decrease
propagation of the lateral acoustic waves in the piezoelectric
material in said third zones more greatly than in said second
zones, the density of inclusions and/or their nature and/or the
phase in the third zones being different to those of the second
zones.
8. The acoustic structure as claimed in claim 1, wherein the
acoustic structure is made by a process comprising the fol-
lowing steps:
producing a mask so as to isolate said second zone from
said first zone; and
implanting and/or diffusing atoms so as to define said
second zone through the mask by creating a new phase
and/or inclusions.
9. The acoustic structure as claimed in claim 8, wherein the
process further comprises at least one step of producing elec-
trodes, said structure being an acoustic wave resonator.
10. The acoustic structure as claimed in claim 8, wherein
the process further comprises an annealing step after the step
of implanting and/or diffusing atoms.
11. The acoustic structure as claimed in claim 8, wherein
the process further comprises successive operations of
implanting and/or diffusing atoms at similar energies so as to
create a second continuous implantation and/or diffusion
zone.
12. The acoustic structure as claimed in claim 9, wherein
the process further comprises a step of removing said mask.
13. The acoustic structure as claimed in claim 1, wherein
the size of inclusions is in a range of a few tens of nanometers
and the acoustic wavelength is in a range of a few hundred
nanometers.
14. An acoustic structure, comprising:
a layer of piezoelectric material having a first Young’s
modulus called an intrinsic modulus and a first density
called an intrinsic density,
wherein the layer of piezoelectric material comprises:
at least one first zone (Z,) having said first Young’s
modulus and said first density; and

at least one second zone (Z,) buried in the volume of said
layer of piezoelectric material and having a second
Young’s modulus and/or a second density, wherein
the second zone (Z,) comprises a new phase with
substitution of at least one atom of the piezoelectric
material.

15. The acoustic structure as claimed in claim 14, wherein
the material is lithium niobate LiNbO;, and the second zone
comprises a new phase comprising a material of the type
H,Li,_,NbO, having said second Young’s modulus.

16. The acoustic structure as claimed in claim 14, wherein
said structure comprises electrodes on the surface of said
layer, so as to generate acoustic waves.

17. The acoustic structure as claimed in claim 14, wherein
the layer of piezoelectric material further comprises a buried
sublayer of inclusions and/or of a new phase so as to create a
guide for elastic waves.

18. The acoustic structure as claimed in claim 16, further
comprising at least one first upper electrode and one second
upper electrode, the second zone comprising periodic sublay-
ers of inclusions and/or new phases defining a buried Bragg
mirror structure, so as to define a bulk SMR-type wave reso-
nator.
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19. The acoustic structure as claimed in claim 14, wherein
the second zone comprises periodic structures of inclusions
and/or new phases so as to define a phononic crystal structure.

20. The acoustic structure as claimed in claim 14, further
comprising upper electrodes defining coupled resonator
structures separated by a second zone of second Young’s
modulus and/or of second density so as to optimize the cou-
pling between said resonators.

21. The acoustic structure as claimed in claim 20, further

comprising third zones of third Young’s modulus and/or of 10

third density comprising inclusions and/or a new phase on the
periphery of the two coupled resonators so as to decrease
propagation of the lateral acoustic waves in the piezoelectric
material in said third zones more greatly than in said second
zones, the density of inclusions and/or their nature and/or the
phase in the third zones being different to those of the second
zones.
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